, Non-member In power systems, Resistor type Superconducting Fault Current Limiters (RSFCL) can limit the prospective short-circuit currents to lower levels, so that the underrated switchgears can operate safely. Besides, RSFCLs can enhance the power system transient stability if they are accompanied by appropriate shunt resistances. This paper presents a method of optimum shunt resistance determination for transient stability improvement. The method is based on minimization of rotor kinetic energy oscillations. Meanwhile to make it more comprehensible, the method is utilized to determine the shunt resistances of three RSFCLs installed in a 9-bus 3-generator sample network. All of the simulations have been carried out by EMTP/ATP. The paper begins by modeling an RSFCL. Then RSFCL critical current determination is discussed in a model system. Finally, a method of optimum shunt resistance determination for transient stability improvement is presented.
INTRODUCTION
As electric power systems grow and become more interconnected, at some points, the available fault currents levels may exceed the maximum short-circuit ratings of the switchgear. As a consequence, the fault current increase leads to more serious transient stability problems. Traditionally, to alleviate the cost of switchgear and bus replacements, the most common ways to limit high-level fault currents are: uprating of switchgear and other equipment, splitting the power grid and introducing higher voltage connections (AC or DC), using current-limiting fuses or series reactors or high-impedance transformers, and using complex strategies like sequential network tripping. Nevertheless, these alternatives may create other problems such as loss of power system safety and reliability, high cost and increasing power losses [1] .
In the past few years, many kinds of fault current limiting devices have been moved forward in accordance with the development of power electronics, magnet technology and superconducting materials [2] [3] [4] . In recent years, Resistor type Superconducting Fault Current Limiters (RSFCL) as the devices fault current limiting have been progressing due to the advancement of superconducting technology [2, 5, 6] . Their main advantages are: negligible influence on the network under normal conditions, instantaneous limiting of fault current and automatic response without external trigger. Furthermore, they can also improve the power system transient stability if suitable shunt resistance is used as the limiting element [7] [8] [9] [10] . This is because the difference between the mechanical input power and the electrical output power in the generator after a fault is decreased due to effectively absorption of the real power by the shunt resistance.
Over the last decade, some researches have been developed on the RSFCL impact on the transient stability improvement. For example, in 2000, Yokomizu et al. investigated the influence of an RSFCL on the transient stability of a 4-bus network [11, 12] . They demonstrated the positive impact of the RSFCL on the transient stability by illustrating the generators output active power oscillations with and without RSFCL. In 2001, Tsuda endorsed Yokomizu's claim by illustrating the generator load angle oscillations with and without RSFCL in a sample network [13] . Also, he showed the necessity of optimum shunt resistance determination for achieving the maximum transient stability. Similar results have been demonstrated in [14] [15] [16] [17] . In 2005, Ye investigated the effect of RSFCL location on its capability to improve the transient stability. The results showed that the less the distance between generator and RSFCL, the higher the stability. As can be clearly inferred from the above paragraph, the researches are restricted to demonstration of RSFCL positive effect on the transient stability and a comprehensive study on optimum shunt resistance determination is required. To compensate for the shortage of research in this field, a method for optimum shunt resistance determination is presented in this paper. The method is based on minimization of rotor kinetic energy oscillations. Meanwhile to make it more comprehensible, the method is utilized to determine the shunt resistances of three RSFCLs installed in a 9-bus 3-generator sample network. All of the simulations have been carried out by EMTP/ATP.
The paper is organized as follows. In section II, theoretical bases and modeling of RSFCL is presented. Section III presents the method of critical current determination of RSFCLs installed in the model system which is introduced in appendix I. Finally, a method of optimum shunt resistance determination for transient stability improvement is presented in section IV. temperature of the High Temperature Superconductor (HTS) are both under their critical points, the flux flow zone when the transport current exceeds the critical current level (I c ) under the condition that the temperature of the HTS is less than the critical temperature (T c ), and the normal zone when the temperature of the HTS exceeds the T c [18] . In the first zone (superconducting), it can be easily inferred that:
where RSFCL R is the resistance of the RSFCL.
In the second zone (flux flow), the critical current density and generating characteristics of flux flow resistance depend on the HTS temperature (T). The flux flow resistance also changes with the instantaneous value of transport current density (j). Such temperature and flux density dependencies have to be taken into the consideration in the simulation of the limiting performance of the RSFCL. Detailed formulation can be found in [19] . The HTS resistance in the flux flow zone follows the following formula: where T b , J c0 , j, ρ f , V sc , and A sc are the temperature of liquid nitrogen, the critical current density, the transport current density, the flux flow state resistivity, the HTS volume, and the HTS cross-section respectively.
In the third zone (normal), resistance of HTS is only a function of the temperature [20] , that is:
where ρ n is the normal state resistivity. Detailed description of the equation can be found in [21, 22, 23] .
The temperature of the RSFCL is calculated by the following equations:
where C, P cool , t f , and t are the specific heat of the HTS, the cooling system power, the fault start time, and the total simulation time respectively.
It is worthy to be noted that in transmission systems, the RSFCL should be accompanied by a shunt resistance rather than being alone [24] [25] [26] [27] [28] . RSFCL should be designed in such a way that it goes immediately to its normal zone after a fault occurrence. RSFCL operation in normal zone leads to a high resistance which forces the fault current to go through the shunt resistance. The shunt resistance value should be determined in such a way that it has the maximum positive impact on the transient stability. Some of the most important reasons of shunt resistance utilization for fault current limitation are as follows:
• The fault current level is very high in transmission systems. So, it leads to a great increase of RSFCL temperature. Consequently, it takes a long time for the RSFCL to be cooled enough to return to its superconducting zone after the fault has been cleared. By using the shunt resistance as the limiting device, the fault current runs through the shunt resistance. So the RSFCL temperature increase will be reduced and it will cool down much faster after the fault has been cleared. Hence the RSFCL returns to its superconducting zone in a shorter period. In other word, It can react faster.
• The high fault current level and the subsequent temperature increase may be so great that they deteriorate the chemical structure of the HTS. The HTS deterioration may prevent it to return to its superconducting zone forever.
• The optimum value of shunt resistance is directly dependent on the power network configuration. As the power network grows and becomes more interconnected, the optimum value changes. So, it is necessary to calculate and install the updated optimum value whenever major changes have been occurred in power network. Replacing the resistances with the updated values is much simpler and cheaper than replacing the RSFCLs. In this study, YBCO coated stainless steel tapes introduced in [29] are used as the HTS. Table 1 summarizes the tape parameters. The cooling system power (P cool ) is equal to 23kW.
DETERMINATION OF CRITICAL CURRENT VALUE
Critical current value of an RSFCL is its most important parameter. Generally, the critical current value should be determined in order to satisfy the following conditions [30] :
• RSFCL should not operate in steady state.
• RSFCL should not operate against the transient current after the fault clearance. The power system model used in this study is introduced in Appendix I. It should be noted that the selected model system is only a sample. The proposed method for optimum shunt resistance determination is not dependant to the model system and the sample is used only to make the method more comprehensible. This sample is small enough to be explainable in a paper. The probable faults are shown in Fig. 1 . Since the network is a sample not a real network, the probable faults are supposed to be 3-phase to ground faults located at two ends of all transmission lines. This is only a supposition. It is obvious that intermediate points of the lines or any other points can be supposed as the location of probable faults. But it should be emphasized that the method is not dependant to the kind and location of the faults. All fault types and all fault locations can be taken into consideration while using this method. In a real network, these faults should be determined by reviewing the reports on the faults (recorded by fault recorders) 
, and the circuit breakers, CBs, on the faulted line are opened at t=0.6s. Fig. 2 shows the instantaneous maximum value of fault current, after-CB-opening current and steady state current flowing into Y side of transformers for each fault point, when RSFCLs are not installed.
In order to satisfy the above conditions and by considering Fig.  2 , the critical current of RSFCL1, RSFCL2, and RSFCL3 are set to 7p.u, 6p.u., and 4.5p.u., respectively. Consequently, the three RSFCLs do not operate in steady state and also against the transient current after the fault clearance. The p.u. values are based on transformers Y side steady state current. Table 2 summarizes the operating state of the RSFCLs for each fault point. '1' and '0' represent "operation" and "no operation" of RSFCLs, respectively.
Figs. 3, 4, and 5 show the fault current of phase 'a' originated from F1 flowing to Y side of Tr. 1, Tr. 2, and Tr. 3, respectively. As shown in these figures, the fault currents and the transient currents after CB opening are effectively limited by the RSFCLs. It is worthy to be noted that the RSFCLs reacts in the first cycle after the fault occurs, while no CB is able to react. In our study the CBs of the faulty line clear the fault at t=0.6s (5 cycles after the fault occurrence). Fig. 6 and Fig. 7 show the resistive behavior and temperature variation of the RSFCL1 HTS respectively, while F1 occurs. As shown in these figures, the RSFCL1 goes immediately to its normal zone after the fault occurrence at t=0.5s through the flux flow zone. In fact the middle step is the flux flow zone. After the fault occurs, the RSFCL transport current exceeds the critical current level. So it goes to its flux flow zone from the superconducting zone. Since the resistance of RSFCL has a non-zero value in the flux flow zone, its temperature increases immediately. After the temperature increases from the critical value, the RSFCL goes to its normal zone from the flux flow zone. This sudden reaction is because of the RSFCL1 HTS immediate temperature increase, becoming more than the critical temperature value which is 107°K. In this zone, it is possible to reach 7kΩ by using a series of modules introduced in [29] . Meanwhile, this resistance can be much more than 7kΩ. It may be so high that RSFCLs are sometimes modeled with an open switch when they are in normal zone. This type of modeling has been used in [24] [25] [26] [27] [28] . After the fault clearance at t=0.6s, the RSFCL1 HTS is cooled down to less than the critical temperature value. Subsequently, the RSFCL1 returns to its superconducting zone and its resistance decreases suddenly.
OPTIMUM SHUNT RESISTANCE FOR TRANSIENT STABILITY IMPROVEMENT

THEORETICAL DISCUSSION
Considering a generating unit consisting of a three phase synchronous generator and its prime mover, the rotor motion is determined by Newton's second law, given by [31] : 
where P m (t), P e (t), and P a (t) are mechanical power supplied by the prime mover minus mechanical losses (Watt), electrical power output of the generator plus electrical losses (Watt), and net accelerating power (Watt), respectively.
As the kinetic energy of the rotating masses (W(t)) is equal to ) ( 2 1 2 t m m ω , equation (7) can be written as:
Following a fault occurrence, P e (t) decreases drastically and subsequently the rotating masses accelerate. This acceleration leads to generator instability. An RSFCL accompanied by an appropriate shunt resistance can absorb the real power effectively and improve the power system transient stability.
OPTIMIZATION METHOD
STABILITY CRITERION
In order to evaluate the shunt resistance influence on the power system transient stability, a criterion should be defined to quantify the stability concept. Considering equation 8, the criterion is defined based on the kinetic energy of the rotating masses. This criterion is as below:
where W c , W i , t S , and c i are stability criterion, kinetic energy of the rotating masses of the ith generator, simulation time, and weighting factor of the ith generator, respectively. In fact, the
calculates the absolute differential value of the ith generator kinetic energy in each moment. By using the integral operator, these values are accumulated during the simulation time. Finally, the sigma adds the integral operator final values for different generators together. Hence the value of W c is an index to the kinetic energy oscillations of the network generators. It is clear that W c is equal to zero in power system steady state operation because the kinetic energy of the generators are constant and have no oscillation. Also, the more severe the disturbance, the greater the W c . So, the optimum shunt resistance value is the value which minimizes W c .
The simulation time, t S , is 10s which is long enough to show the damping behavior of the kinetic energy oscillations. In fact, The silmulation period should be selected so long that it shows the trend through which the oscillations damp down or diverge.
The weighting factor, c i , is calculated using the following equation: (10) where i S is the rated apparent power of the ith generator. In this way, the greater c i is allocated to the generator with greater rated power.
OPTIMUM SHUNT RESISTANCE DETERMINATION
The Direct Search Method introduced in [32] has been utilized to find the optimum shunt resistance value which minimizes W c . This method searches a set of points around the current point, looking for one where the value of the objective function is lower than the value at the current point. The parameters of the Direct Search Method, adapted for solving this problem, are as below: Table 2. operating state of RSFCLs   Phase  F1  F2  F3  F4  F5  F6  F7  F8  F9  F10  F11 
The results of the optimization should satisfy the following condition:
, firstly because the electrical resistance is a positive value and secondly because using values greater than 1p.u. leads to excessive fault current limitation. This undesirable limitation makes the protection relays unable to distinguish the fault current from the steady state current.
• Initial Point: For this problem, the Initial Point has been considered equal to (R1, R2, R3)=(0.5p.u., 0.5p.u., 0.5p.u.) which is the middle point of the bounds. It is worthy to be noted that by selecting the maximal basis pattern (2N) and by selecting proper length for vectors, the Direct Search method tests the target function values for different points inside the bounds which have been defined for (R1, R2, R3) values. In this way, the Direct Search Method moves towards the global minimum rather than local minimums. The weighting factor, a i , should be defined according to the probability of the ith fault occurrence. Thus, a i is calculated using the following equation: (12) where i n is the yearly number of the ith fault occurrence, which has been obtained from the network statistics. In this way, the more probable the ith fault, the greater the a i . Table 4 shows the fault weighting factors of the sample network used in this study. Table 3 shows the final values of the stability criterion In order to demonstrate the method effectiveness, the kinetic energy of the G1 rotating masses, while F1, F2, and F3 occurs, is shown in Fig.s 9, 10 , and 11 respectively for the following cases:
1. When no fault occurs. 2. When the fault occurs while the shunt resistances has the best values. 3. When the fault occurs while the shunt resistances has the Fig.s (9-11) , it can be seen that the oscillations of G1 kinetic energy, while F1 occurs, is much severe than the oscillations while F2 or F3 occurs. It is because; the distance between the location of F1 and G1 is shorter than the distance between the location of F2/F3 and G1. Also, since the location of F2 and F3 is approximately the same (at two sides of busbar no.5), the behaviors of G1 kinetic energy, while F2 and F3 occurs, are the same.
It is worthy to be noted that the shunt resistance optimum values are not necessarily equal to the best values of each fault location. Because the optimum values are obtained to maximize the transient stability for all fault locations, whereas the best values are obtained considering a specific fault.
CONCLUSION
A method of optimum shunt resistance determination of resistor type superconducting fault current limiters for transient stability improvement was presented. The method was based on the minimization of the rotor kinetic energy oscillations using the Direct Search Method. The method was applied to a sample network and its effectiveness was demonstrated by showing the kinetic energy of the rotating masses in different cases.
APPENDIX I
The power system model used in this study is shown in Fig. 1 [33] . It consists of three generators (G1, G2 and G3), transformers and double-circuit transmission lines. In this figure, the line parameters are numerically shown in the form R+jX (jB/2) per phase with one line.
Considering the transient stability improvement as the target of this study, the RSFCLs should be installed exactly after the generators to react against all the fault currents passing through the generators. So, three RSFCLs with shunt resistance are installed at Y side of the transformers, Tr. 1, Tr. 2, and Tr. 3.
The models of AVR (Automatic Voltage Regulator) and GOV (Governor) are shown in Fig. 12 . Table 5 shows the parameters of the generators [30] . 
